B acterial natural products account for many of today's most useful medicines (1) .
These "specialized metabolites" are traditionally isolated from bacteria cultured in the laboratory, leaving us with little understanding of when, why, and at what concentrations they are produced in nature (2) . Furthermore, laboratory culture conditions typically bear little resemblance to those experienced by microbes in the habitats from which they are obtained and thus may lack environmental cues required to induce natural product biosynthesis. This possibility is supported by the large number of "orphan" biosynthetic gene clusters (BGCs) detected in bacterial genomes (3) (4) (5) and mounting evidence that interactions with other microbes induce specialized metabolite production (6) (7) (8) (9) .
While thousands of natural products have been discovered from cultured bacteria, relatively few have been detected directly in the environment. Exceptions include compounds originally isolated from marine invertebrates and subsequently shown to be of microbial origin (10, 11) . Suppressive soils provide another example (12, 13) , in which case metabolites produced by soil bacteria have been detected and linked to the inhibition of plant pathogens (14, 15) . Microbial natural products have also been detected in the context of monitoring for toxic algal blooms (16) , with polyaromatic resins used to extract waterborne toxins such as domoic acid (17, 18) . While this approach has been further developed to study allelopathy among soil microorganisms (19) , it has yet to be more broadly applied to the detection of bacterial natural products in marine ecosystems. Methodological advances in mass spectrometry coupled with pipelines for the visualization of complex data sets (20) (21) (22) provide new opportunities to assess environmental metabolomes and explore the ecological functions of natural products.
The diverse and highly structured bacterial communities associated with marine sediments provide ample opportunities for chemically mediated interactions to occur. While bacteria cultured from ocean sediments represent a relatively new source of natural products (23, 24) the compounds detected in the laboratory likely represent a small subset of what is produced in nature. Here, we employed adsorbent resins and mass spectrometry to analyze the metabolomes associated with marine sediment communities across a range of coastal habitats off Belize. The results reveal complex chemical landscapes that include metabolites related to those of microbial, invertebrate, and anthropogenic origin. These compounds include the bacterial metabolite staurosporine, which occurred at concentrations sufficient to affect community structure. The thousands of molecules that could not be readily identified indicate that much remains to be learned about the chemical ecology of marine sediments.
RESULTS
Sediment metabolomics. The adsorbent resin HP20, which has been used to adsorb lipophilic toxins from the water column (16) , was buried in marine sediments at five sites around the Smithsonian field station at Carrie Bow Cay, Belize. The resin deployed at site 1 was eluted with organic solvents, and mass spectral data from the crude extract was analyzed using the Global Natural Products Social Molecular Networking (GNPS) pipeline (22) . The extracts from sites 2 to 5 were first fractionated prior to analysis. In total, 5,803 tandem mass spectrometry (MS/MS) spectra were collected, of which 5,242 passed the filtering requirements. Identical fragmentation spectra were clustered, resulting in the generation of 512 unique parent ions (nodes) after the removal of resin and solvent control spectra. These nodes represent parent ions with masses (m/z values) that ranged from 227 to 1,424 Da, with most falling between 350 and 900 Da. The number of parent ions detected at each site ranged from 106 (site 5, seagrass bed) to 335 (site 3, mangrove channel), with an average of 204 per site. The data were visualized as an Euler diagram, which revealed the extraordinary levels of small-molecule diversity, with only nine parent ions shared among all sites and nearly half (47%) observed at only one site (Fig. S1 ). The decision to combine the replicates from each site prevented a more thorough analysis of intersite variation; however, the considerable number of parent ions detected indicates that the resin technique developed for this study was effective for the extraction of a diverse set of metabolites.
Compound identification. A molecular network was generated to visualize the MS/MS data. Compared to the Ͼ220,000 metabolites present in the GNPS database, the vast majority of parent ions and most molecular families had no matches ( Fig. 1 ). While this database consists largely of spectra from the NIST 2014 ESI MS/MS library, it also includes a marine natural product library, in addition to community deposits (22) . Eight parent ions showed confident database matches, including some that were detected at multiple sites (Table 1) . A subsequent analysis performed using the GNPS standalone dereplication pipeline confirmed these matches and led to the additional identification of cocamidopropyl betaine. The greater sensitivity of the standalone tool is likely due to the clustering algorithm used to generate the molecular network, which can reduce match scores. Compounds were identified using a combination of approaches, including the GNPS-generated similarity (cosine) score, number of shared peaks, and a manual examination of mirror plots, in addition to m/z error. When available, authentic standards were used to further support the identifications. The nine compounds identified represent an array of structures originally reported from diverse sources, including sponges, algae, and bacteria, as well as structures of synthetic origin (Fig. 2 , Table 1 ). Strict Chemical Analysis Working Group (CAWG) criteria (25) were applied to increase confidence in the matches. Four compounds (monactin, staurosporine, cocamidopropyl betaine, and erucamide) were assigned "level 1" classification according to CAWG recommendations based on retention time, mass, and fragmentation spectra in comparison to those of authentic standards ( Fig. S2 to S5). The remaining five compounds were "putatively annotated" (level 2) based on spectral matching to library standards ( Fig. S6 to S10). The m/z errors ( Table 1 ) may indicate that the compounds detected are closely related to the library matches but may also reflect differences between the instruments on which the analyses were performed. The results demonstrate that microbial natural products can be extracted and identified directly from marine sediments, thus providing evidence for their production in situ.
The compound putatively identified as the sponge metabolite smenospongidine (26) was unexpected, since the sediments did not contain any obvious sponge biomass. Sesquiterpene quinones, such as smenospongidine, belong to a well-known class of redox-active microbial metabolites that have been proposed to function as extracellular electron shuttles under hypoxic growth conditions (27) . Given the m/z error (17.9 to 47.6) and lack of a standard, the compound detected could be a related metabolite. Regardless of its identity, this compound represents one of the few observed at all five sites, and the network analysis places it in a molecular family, suggesting that structurally related compounds await identification ( Fig. 1 ).
Bacterial metabolites belonging to the nactin family of macrotetrolide cyclic esters were also identified (monactin, dinactin, trinactin, and tetranactin). These closely related ionophore polyketides are produced by Streptomyces species and exhibit a range of biological activities (28) (29) (30) . Similarities in their fragmentation spectra are visualized as a large molecular family in the network analysis ( Fig. 1 ). Comparison with an authentic standard provides strong support for the identification of these compounds ( Fig. S2 ). Staurosporine was also identified using the GNPS dereplication protocols and supported by comparison with an authentic standard ( Fig. S3 ). It was observed at three sites and appeared in the network as a single node (Fig. 1 ). Staurosporine is a protein kinase inhibitor, originally isolated from Streptomyces staurosporeus (31) , with activity against fungi, bacteria, and mammalian cell lines (Table 2 ) (32, 33) . It has subsequently been reported from marine ascidians and mollusks (34, 35) , as well as from other actinomycetes (36) , including the marine actinomycete Salinispora arenicola (37) . When isolated from marine invertebrates, staurosporine was proposed to be of microbial origin (38) ; however, this has yet to be experimentally verified. While the retention time and fragmentation pattern for the compound detected closely matched a Compound names are followed by the CAWG classification (1 or 2). b Parent ions detected at the five sites were compared with standards in the GNPS library. c m/z error describes the difference between observed parent ion and library spectrum in ppm (which contains both low-and high-resolution data). d GNPS-generated similarity score is a metric from 0 to 1, with Ͼ0.65 considered a positive match. e Number of shared peaks indicates the number of MS/MS fragments that matched between library and parent ion fragmentation spectra.
those of the standard, the mass difference may indicate that it is a closely related compound. The detection of relatively lipophilic compounds, such as staurosporine, suggests that some may be particle associated and supports the utility of HP20 resin to capture a broad range of compounds. The final natural product identified was pheophytin, which was observed at site 2. This flavonoid glycoside acts as an electron carrier in photosystem II (39) and is also a breakdown product of chlorophyll (40) . It is found in cyanobacteria and eukaryotic phototrophs. Pheophytin has been used to assess primary productivity in sediments (41, 42) and may be indicative of decaying seaweeds, microalgae, or meiofauna grazing (43) . In addition to the detection of natural products, two of the parent ions matched synthetic compounds and thus are likely of anthropogenic origin. Cocamidopropyl betaine is an additive to skin care products, including sun protectants (44) , and has been found in numerous habitats associated with human activity (21) . It was identified using the standalone GNPS dereplication tool and supported by comparison with an authentic standard (Fig. S4 ). The detection of this compound at three sites raises environmental concerns, given that low levels of sunscreen have been shown to promote coral bleaching (45) . Another potential contaminant is erucamide, a fatty acid derivative used as a slip agent in the manufacturing of plastics (46) , waxes, and other consumer goods. Erucamide appeared in a large molecular family ( Fig. 1) and was supported by comparison with an authentic standard ( Fig. S5 ). It was detected at all five sites but not observed in methodological controls, suggesting that it was present in the environment. Since erucamide is a derivative of the natural product erucic acid (47) , the possibility that the compound detected is of natural origin cannot be ruled out. Linking compounds to community composition. In an attempt to link compounds identified in the sediment metabolomes to candidate producers, bacterial diversity was assessed by analyzing 16S rRNA gene amplicon libraries at a rarefied depth of 95,000 reads for three to five replicates from each of the five sites. The number of observed OTUs (99% sequence identity) was high, ranging from 16,063 Ϯ 344 (site 1) to 17,917 Ϯ 222 (site 4). We searched the sediment libraries for the genus Streptomyces, since it is known to produce staurosporine and nactins; however, no streptomycete OTUs were identified. We also searched for the marine actinomycete genus Salinispora, which includes the known staurosporine producer Salinispora arenicola (37) , and identified this taxon at all five sites (Fig. 3A) . The relative Salinispora abundance was low, ranging from 0.001% Ϯ 0.001% (site 5) to 0.010% Ϯ 0.004% (site 2) of the community. Assuming bacterial concentrations in marine sediments of 10 8 to 10 9 /ml (48), the culture-independent abundances detected correspond well with previous reports of 10 3 Salinispora CFU per ml sediment (49) . Although among-site differences in Salinispora abundance were not significant (analysis of variance [ANOVA], F 4,16 ϭ 1.285; P ϭ 0.317), sites 2 and 4 had the highest average Salinispora relative abundance. Due to the region of the 16S rRNA gene sequenced, it was not possible to distinguish among the three named Salinispora species. We therefore used culture-dependent methods to test for the presence of S. arenicola at sites 2 and 4 and successfully isolated strains belonging to this species (Table S1 ). Metabolomic analyses revealed that these strains produced staurosporine ( Fig. S11) , thus establishing the presence of bacteria capable of producing a compound detected in the sediment metabolome.
Staurosporine quantification and biological activity. Given that the resin capture method developed for the metabolomic analyses is not quantitative, the relationships between Salinispora relative abundance and staurosporine concentration was determined using volumetric sediment extraction protocols. Surprisingly, staurosporine was identified by high-performance liquid chromatography with UV detection (HPLC-UV) in extracts generated from all five sites, thus allowing concentrations to be calculated ( Fig.  S12 to S13). The inorganic component of the sediment was determined to be 32% to 41% at the various sites and was factored into the concentration calculations by dividing the total volumetric concentration by the percent organic material (Table S2) to establish "biologically relevant" staurosporine concentrations. These ranged from 5 to 17 M and established the highest concentrations at sites 2 and 4 (Table S2 ), which represent two of the three sites at which staurosporine was detected by mass spectroscopy. Salinispora relative abundance was correlated with staurosporine concentration at the five sites ( Fig. 3B ), supporting the hypothesis that S. arenicola contributes to the staurosporine pool identified in marine sediments.
Staurosporine is a low-nanomolar kinase inhibitor that is highly toxic to mammalian cell lines, bacteria, and fungi ( Table 2 ). The staurosporine concentrations at all five sites were above the 50% inhibitory concentration (IC 50 ) values for HeLa cell (4 nM), protein kinase (2 to 20 nM), and mycobacterium protein kinase inhibition (600 nM). Sites 2 and 4 contained staurosporine levels above those shown to inhibit fungal growth (9.6 M). The staurosporine concentrations also exceeded brine shrimp IC 50 values, suggesting that it may function as a feeding deterrent, although this concentration did not deter feeding by Caenorhabditis elegans ( Table 2 and Fig. S14 ). These results suggest that staurosporine can achieve allelopathic concentrations in marine sediments.
Metagenomic analyses. Metagenomics represents an increasingly feasible approach to linking natural products to their producers (50) . This is facilitated by the growing number of experimentally characterized biosynthetic gene clusters (BGCs) and by databases such as the Minimum Information about a Biosynthetic Gene cluster (MiBIG) repository (51) . In an effort to link compounds detected in the metabolomics data to Salinispora spp., a 37-million-read metagenomic library generated from site 2 was mapped to the complete genome sequences of Salinispora tropica CNB-440 and Salinispora arenicola CNS-205. At a BLAST E value threshold of 1 ϫ 10 Ϫ50 and a DNA sequence identity of Ն96%, 14 reads mapped to S. arenicola, 22 mapped to S. tropica, and four mapped to both. Half of the S. arenicola reads and one-third of the S. tropica reads are Ͼ99% identical to the genomes, providing strong support for linkage to these species. These results suggest an overall Salinispora abundance of 0.5 to 1 ppm of the DNA in the sediment microbiome, which is in general agreement with the cultureindependent results (0.01% to 0.001%). The low relative abundance of Salinispora sequences provides an explanation for our inability to detect Salinispora-derived staurosporine biosynthesis genes despite our ability to culture staurosporine-producing Salinispora strains from the same sediment samples. Given these results, it can be estimated that ca. 1,000ϫ more reads would be needed to confidently obtain 1ϫ coverage of a Salinispora genome, thus demonstrating current challenges associated with detecting biosynthetic gene clusters from rare members of the microbial community using metagenomics.
We next queried the metagenome for other potential sources of staurosporine using the staD gene, which is integral to staurosporine biosynthesis (52) . A tBLASTn analysis against the 1,147,515 contig (Ͼ300 bp) metagenomic assembly identified 14 hits (E value cutoff of 1 ϫ 10 Ϫ10 ) that ranged in length from 277 to 7,834 nucleotides and coverage from 0.9ϫ to 6.3ϫ. The closest NCBI matches originated in cyanobacteria, a phylum known to produce staurosporine-related indolocarbazoles (53) . Moreover, the longest contig contained a flavin adenine dinucleotide (FAD)-dependent amino acid oxidase (L-tryptophan oxidase) known to be involved in indolocarbazole biosynthesis, supporting our partial recovery of a canonical indolocarbazole BGC from the metagenome. Cyanobacteria were in considerably greater relative abundance (6%) than Salinispora at site 2, suggesting that they represent another potential source of the staurosporine or staurosporine-like compound detected, although the community analysis did not reveal any known cyanobacterial indolocarbazole producers. Similarly, BGCs associated with macrotetrolide (nactin) biosynthesis were not identified in the metagenomic analysis despite the level 1 identification of these compounds, suggesting that the producers were below the detection limit or similar compounds are produced by different biosynthetic routes.
In total, 83 different BGCs were assembled from the site 2 metagenome (Fig. 4 ). These encompass a wide range of biosynthetic paradigms, including 23 ribosomally synthesized and posttranslationally modified peptides (RiPPs; predicted to encode bacteriocins, lantipeptides, cyanobactins, and lasso peptides), 26 polyketide synthases (PKSs), 10 nonribosomal peptide synthetases (NRPSs), 1 PKS-NRPS hybrid, 14 terpenes, and 9 classified as "other" based on antiSMASH analyses. BLAST analyses linked 75% of these to cyanobacteria; however, others were linked to diverse taxonomic groups, including Proteobacteria (15%), Bacteroidetes (5%), Aquificae (1%), Firmicutes (1%), and Planctomycetes (2%). To further explore the identity of the host strains, we identified housekeeping genes flanking eight of the assembled BGCs. All eight housekeeping genes were most closely related to those of cyanobacteria, with percent identities from 67 to 85% (Table S3 ). Phylogenetic trees generated with the 100 top NCBI BLAST matches revealed that some formed a clade with the natural product-rich genus Moorea (Fig. S15) , while others formed clades with less-studied genera, such as Myosarcina and Pleurocapsa (Fig. S16 to S17). Interestingly, five of the housekeeping genes did not cluster with those of any known cyanobacteria (Fig. S18 ), suggesting that they may belong to previously undescribed cyanobacterial lineages.
DISCUSSION
Thousands of natural products have been isolated from cultured bacteria, yet the biosynthetic potential detected in microbial communities remains far from being realized (50) . While new approaches to cultivation have helped gain access to this potential (54) , the isolation of compounds from individual strains cultured in the laboratory provides little insight into the diversity of compounds that occur in nature. Environmental metabolomics (55) provides a new window from which to view this complexity by circumventing the need for laboratory cultivation. Allowing the environment to provide the myriad conditions required for growth and compound production alleviates the need to reproduce these conditions in the lab. When applied to the human microbiome, metabolomics led to the recognition that human-associated microbes produce antibiotics and other biologically active compounds (56) that play important roles in human health (57) . These approaches have yet to be applied more broadly to ocean sediments, a major global biome where the effects of natural products on microbial community structure have yet to be recognized.
Here, we demonstrate that untargeted metabolomics can be used to detect a vast array of compounds in marine sediments, the majority of which could not be readily identified. Given the inherent limitations of the capture (HP20) and detection (LC-MS) techniques employed, the results likely represent only a portion of the compounds present in the sites sampled. The ability to directly detect unknown metabolites in marine sediments draws parallels with the first culture-independent assessments of bacterial diversity, which revealed extensive levels of diversity that had yet to be cultured or described (58) . Environmental metabolomics has enormous potential to reveal community-level chemical interactions and establish correlations between compounds and community composition. As data for additional standards are deposited into GNPS and other libraries, these analyses will increasingly include compound identification.
Although most compounds detected in this study could not be identified, the bacterial metabolite staurosporine was observed in both sediment metabolomes and extracts generated from strains of the marine actinomycete S. arenicola cultured from the same sediments. While anthropogenic antibiotics have been detected in various environmental samples, including river sediments (59), microbial natural products have seldom been detected in nature (2) . The low relative abundance of Salinispora spp. in marine sediments supports the concept that members of the "rare biosphere" (60) play important roles in structuring microbial communities (61) , in this case via the production of biologically active natural products. The high concentrations of staurosporine detected suggest that it may accumulate over time or originate from alternative biogenic sources. Support for the latter hypothesis comes from the detection of indolocarbazole biosynthetic genes in metagenomic assemblies assigned to cyanobacteria. Regardless of biosynthetic origin, the detection of biologically active concentrations of staurosporine at all five sites provides evidence that it functions as an allelochemical in nature. In the future, it will be important to better understand the fine-scale spatial dynamics of this and other biologically active compounds in marine sediments. It remains to be seen how effectively metagenomic BGC assembly can be used to connect rare community members with the compounds they produce.
The detection of a compound tentatively identified as smenospongidine provides another potentially interesting application of the resin capture technique. This sesquiterpene quinone was originally reported from a marine sponge (62) . Given that there was no obvious sponge tissue in the sediments sampled, environmental metabolomics may provide a method to help identify compounds of microbial origin that were originally ascribed to marine invertebrates (11) . Other interesting observations include the possibility that compounds such as the nactin family of macrotetrolide antibiotics (63) and staurosporine originate from organisms other than those from which they were originally reported. Finally, the detection of synthetic compounds indicates that sediment metabolomics can be used to assess anthropogenic influences, even in relatively pristine sites.
Environmental metabolomics provides a unique window with which to assess specialized metabolite diversity in nature. When coupled with community analyses, links between compounds and their producers can be established and subsequently tested. This approach can be used to establish baseline metabolomic fingerprints, links to microbiome composition, and opportunities to monitor baseline shifts over time or across environmental gradients as an indicator of sediment community "health." The ability to detect and quantify natural products in marine sediments provides unique opportunities to assess their impact on community structure and opens new opportunities for natural product discovery. For sediment metabolomes, nine hand-made Miracloth (EMD Millipore) bags, each containing ca. 80 g of MeOH-activated HP20 adsorbent resin (Diaion), were buried just below the surface of the sediment over an area ca. 1 m 2 at each site. After 24 h, the bags were retrieved and stored frozen (Ϫ20°C) prior to elution. One similarly prepared resin bag was not deployed and was used as a negative control. Five replicate sediment samples (ca. 80 g each) were collected from each site in sterile Whirl-pak bags (Sigma-Aldrich) for bacterial cultivation and additional metabolomic analyses. A subsample from each site was transferred into a 50-ml falcon tube with RNAlater (Thermo Fisher) for molecular (DNA) analysis. All samples were stored frozen (Ϫ20°C) prior to processing.
MATERIALS AND METHODS

Locations and samples. Five sites near the
Resin extraction and analysis. The HP20 resin samples from each site were removed from the Miracloth bags, combined, and suspended in 500 ml of 1:1 dichloromethane (DCM):methanol (MeOH) for 30 min in a 2.8-liter Fernbach flask while shaking at 190 rpm on a G10 gyratory shaker (New Brunswick Scientific). The solvent was collected by filtration through qualitative P8 coarse fluted filter paper (Fisher Scientific, Hampton, NH), dried by rotary evaporation, and reextracted with ethyl acetate (EtOAc) followed by MeOH. The combined extracts were filtered (0.2 m) to remove particulates, and those from sites 2 to 5 were subjected to C 18 reversed phase flash chromatography using an acetonitrile (ACN)/water gradient (100% H 2 O, 20% ACN, 40% ACN, 60% ACN, 80% ACN, and 100% ACN). The fractions were dried by rotary evaporation, dissolved in MeOH at 1 mg/ml, and subjected to liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis by injecting 5 l into an Agilent 1290 ultraperformance liquid chromatography (UHPLC) system. The site 1 crude extract was similarly analyzed. Chromatographic separation was achieved at 40°C, using a flow rate of 0.5 ml/min and a 1.7-m C 18 (50 ϫ 2.1 mm) Kinetex UHPLC column (Phenomenex). The following linear gradient of solvents A (water and 0.1% formic acid [vol/vol]) and B (acetonitrile and 0.1% formic acid [vol/vol]) was used: 0 to 0.5 min (5% B), 0.5 to 8 min (5% to 95% B), and 8 to 9 min (95% B). The column eluent was introduced directly into a Bruker Daltonics microTOF focus II quadrupole time of flight (qTOF) mass spectrometer equipped with an Apollo II electrospray ionization source and controlled via otofControl v3.4 (build 16) and Hystar v3.2 software packages (Bruker Daltonics). The instrument was first externally calibrated using ESI-L low-concentration tuning mix (Agilent Technologies) prior to sample analysis and the internal calibrant (lock mass) hexakis(1H,1H,2H-difluoroethoxy)phosphazene (Synquest Laboratories), m/z 622.0295089613, was continuously introduced during the entirety of each LC-MS run. Data were collected in positive-ion mode, scanning from 100 to 2,000 m/z. Instrument source parameters were set as follows: nebulizer gas (nitrogen) pressure, 300 kPa; capillary voltage, 4,500 V; ion source temperature, 200°C; and dry gas flow, 9 liters/min. The initial mass spectral acquisition (MS 1 ) rate was set at 2 Hz, and the MS/MS acquisition rate varied (5 to 10 Hz) depending on precursor intensity. Data-dependent MS/MS acquisition was programmed to the top ten most intense precursors per MS 1 scan, and precursors were actively excluded for 0.5 min after being fragmented twice. Each MS/MS scan was the average of 4 collision energies, paired optimally with specific collision radio frequency (RF) (or "ion cooler RF") voltages and transfer times in order to maximize the qualitative structural information from each precursor. The MS/MS data were converted to mzXML and uploaded to the MassIVE server (https://massive.ucsd.edu/) via the FTP client FileZilla (https://filezilla-project.org). Data are publicly available at GNPS (http://gnps.ucsd.edu) under accession number MSV000082961.
MS data were analyzed using the Global Natural Products Social Molecular Networking (GNPS) pipeline (22) using a modification of previously validated parameters (64) . Only parent ions that (65) . Nodes with a cosine score of Ͼ0.95 were combined into consensus spectra. The algorithm parameters included mass tolerance for fragment peaks (0.3 Da), parent mass tolerance (1.0 Da), a minimum number of matched peaks per spectral alignment (4), a maximum component size of 1, and a minimum cosine score of 0.6. Nodes in the top ten cosine scores (K parameter) in both directions were connected by an edge. MS/MS spectra from "no injection blanks" and negative controls were subtracted from the network to remove both instrument noise and parent ions associated with the resin extraction protocol. Compounds were identified using the GNPS reference library, which contains over 220,000 curated spectra (22) . To minimize false positives, a false-discovery rate (FDR) analysis was conducted using the Passatutto test on GNPS. This test generates a decoy library to assess the rate at which a user's submitted spectra match spectra in the decoy library for a range of minimum matched peaks and cosine (similarity) scores (66) . Parameters were set to maintain a false discovery rate below 1% (Fig. S18) . Library matches were assigned if they shared at least four MS/MS peaks, were within one dalton, and had a similarity score above 0.65. Mirror spectra plots generated in GNPS were used to manually investigate all spectral matches. Positive matches to short amino acid sequences or primary metabolites were excluded.
Four of the nine compounds identified were compared to authentic standards (staurosporine [NETA Scientific], erucamide [VWR], cocamidopropyl betaine [Spectrum], and monactin [Santa Cruz Biotechnology]) using the Chemical Analysis Working Group's established criteria (25) . These included retention time, fragmentation spectrum, and mass matching using a Dionex UltiMate 3000 high-performance liquid chromatograph (ThermoFisher Scientific, Waltham, MA) coupled to a Bruker Impact high-definition (HD) qTOF mass spectrometer. Chromatographic separation was achieved at 40°C, using a flow rate of 0.5 ml/min and a Kinetex C 18 (1.7-m, 100-Å) column (50 mm ϫ 2.1 mm) (Phenomenex). The following linear gradient of solvents A (water and 0.1% formic acid [vol/vol]) and B (acetonitrile and 0.1% formic acid [vol/vol]) was used: 0-1 min (5% B), 1 to 2 min (5% to 40% B), 2 to 8 min (40% to 100% B), and 8 to 9 min (100% B).
For the mass spectrometry analysis, data were collected in positive ion mode, scanning from 800 to 2,000 m/z. Instrument source parameters were set as follows: nebulizer gas (nitrogen) pressure, 300 kPa; capillary voltage, 4,500 V; ion source temperature, 200°C; dry gas flow, 9 liters/min. MS 1 spectral acquisition rate was set at 3 Hz and MS/MS acquisition rate was variable depending on precursor intensity. Data-dependent MS/MS acquisition was programmed to the top ten most intense precursors per MS 1 scan and precursors were actively excluded for 0.5 min after being fragmented twice. Each MS/MS scan was subjected to five collision energies, starting with 3 eV and stepped 50%, 75%, 150%, and 200%, in order to maximize the qualitative structural information from each precursor. HP-921 lock mass was introduced during the entirety of the mass spectrometry run.
Staurosporine quantification. Three replicate sediment samples ranging from 6 to 11 ml from each site were extracted with 50 ml of 1:1 DCM:MeOH. The extracts were filtered, the solvent removed under a stream of nitrogen, and the remaining water dried via lyophilization. The dried extracts were solubilized in MeOH and adsorbed onto 100 mg C 18 , loaded onto 2-g Isolute SPE C 18 columns (Biotage), and subjected to flash chromatography using a 20% acetonitrile:water step gradient. The fractions were dried by rotary evaporation and dissolved in 2 ml MeOH, and 30 l was injected into an Agilent 1100 series high-performance liquid chromatograph with a Phenomenex Kinetex C 18 reversed-phase column (2.6 mm, 100 ϫ 4.6 mm) using a flow rate of 0.7 ml/min. A linear gradient of solvents A (water and 0.1% formic acid [vol/vol]) and B (acetonitrile and 0.1% formic acid [vol/vol]) was used with 0 to 2 min (5% B), 2 to 14 min (5% to 100% B), and 14 to 15 min (100% B). The diverter valve was set to waste for the first 2 min. Staurosporine was identified based on retention time and UV-spectral matching in comparison with an authentic standard. The average area under the curve for the staurosporine peak (350 nm) was calculated for triplicate extracts from each location and converted to concentration using the best-fit line equation generated in R (67) for a standard curve generated from an authentic standard.
Biologically relevant sediment volumes were calculated by subtracting the inorganic volume from the total sediment volume of each sample. Inorganic volumes were determined at each site using standard protocols (68) by first oven drying (60°C for 48 h) triplicate 5-ml volumes of wet sediment. The dried sediments were then treated with excess 20% H 2 O 2 , heated (60°C) for 30 min to oxidize organics, and redried, and the volume of remaining inorganic material calculated via volumetric displacement and subtracted from the initial wet sediment volume. Molar staurosporine concentrations were calculated by converting mg/ml concentrations calculated from the HPLC-UV data to M using the biologically relevant sediment volumes.
To assess C. elegans feeding deterrence, staurosporine was dissolved in 50 l dimethyl sulfoxide (DMSO) to generate concentrations of 210 M, 160 M, and 110 M (corresponding to 0.1 mg/ml, 0.075 mg/ml, and 0.05 mg/ml, respectively) in sterile 10-ml glass culture tubes. These concentrations were picked because they bracketed the MIC at which staurosporine deterred C. elegans feeding. Escherichia coli strain OP-50 (Troemel laboratory, University of California, San Diego [UCSD]) was grown in 50 ml of Miller's LB broth (Fisher Scientific) for 3 days, autoclaved, and 950 l added to the staurosporine dilutions and DMSO controls. Twenty-five l of the treated and control E. coli cultures were then placed 1 cm apart in a 60-cm diameter petri dish containing 4 ml of nematode growth medium (Research Products International Corp., Mount Prospect, IL). Sterile C. elegans embryos were generated as previously described (69) , and ca. 75 were placed equidistant from treatment and control foods, with an average of 6 plates per trial. The number of living C. elegans individuals per food source was counted under a dissecting scope 24 h after embryo addition, converted to percentage C. elegans per food source, and differences between treatments and controls tested using a nonparametric t test (Wilcoxon rank-sum test) in R version 3.4.1.
Brine shrimp assay. The brine shrimp assay was performed as previously described (70) . Briefly, Artemia eggs (Fisher Scientific) were hatched in brine (1 liter deionized [DI] water, 40 g instant ocean) for 48 h at room temperature with excess airflow. Approximately 25 Artemia individuals were then transferred into each well of a 24-well plate containing 1.95 ml of brine, after which serially diluted staurosporine dissolved in 50 l DMSO was added to the wells (0.16 to 16 M final concentrations) in triplicate along with DMSO controls. After 24 h, the numbers of dead and living brine shrimp were counted in each well under a dissecting microscope.
For bacterial community analysis, environmental DNA (eDNA) was extracted from 24 sediment samples (5 replicates per site for sites 1 to 4 and 4 replicates for site 5). Approximately 1 g of sediment per sample was added into FastPrep tubes and subjected to a physical (bead beating) and chemical (phenol-chloroform) DNA extraction protocol (71) . All extractions were done in duplicate and combined during the purification process. The v4 region of the 16S rRNA gene was PCR amplified in triplicate for each sample from 1 l of 5 ng/l DNA template using the Phusion Hot Start Flex 2ϫ master mix, an annealing temperature of 60°C, and the primers 515F (TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGG TGYCAGCMGCCGCGGTAA) and 806Rb (GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGACTACNVGG GTWTCTAAT) (72) . Replicate reactions were pooled and the products cleaned using ExoSap-IT. Illumina barcodes were added using the following program: 98°C for 1 min followed by five cycles of 98°C for 10 s, 65°C for 20 s, and 72°C for 30 s, with a final extension at 72°C for 2 min. Libraries were constructed following Illumina protocols and PCR products cleaned with ExoSap-IT and pooled in equimolar concentrations, cleaned using AMPure beads, and sequenced on a MiSeq v2 PE250 instrument at the Institute for Genomic Medicine (IGM), University of California, San Diego.
Sequences were trimmed using the paired-end command in Trimmomatic (http://www.usadellab .org/cms/?pageϭtrimmomatic) with a quality control sliding window of 4 bases, a minimum quality of 25, and a minimum length of 50 bases. All samples were standardized to a rarefication depth of 95,000 reads, resulting in three replicates (one each from sites 3, 4, and 5) being removed due to inadequate sequencing depth. The remaining reads were clustered into OTUs based on 99% similarity and taxonomy assigned using the Silva rRNA Database (73) in Qiime v1.9.1 (74) . To assess Salinispora relative abundance, replicates were analyzed with chloroplast sequences excluded (75) .
Actinomycete cultivation and identification were performed following standard protocols (49) . Briefly, 1 g frozen sediment from each of the five sites was air dried for 48 h and blotted onto petri dishes containing medium A1 (10 g starch, 4 g yeast extract, 2 g peptone, 16 g agar, 750 ml 0.2 M filtered seawater, and 250 ml deionized water). The petri dishes were incubated at room temperature for 2 weeks, after which Salinispora-like colonies were purified by dilution streaking. Colony PCR was performed by suspending a single colony in 10 l DMSO and using 1 l as the PCR template. Each PCR mixture consisted of 10ϫ PCR buffer (Applied Biosciences, Foster City, CA), 2.5 mM MgCl 2 (Applied Biosciences), 0.7% DMSO, 10 mM deoxynucleoside triphosphates (dNTPs), 1.5 U AmpliTaq Gold DNA polymerase (Applied Biosciences) and 10 mol of each 16S rRNA primer (FC27 [5=-AGAGTTTGATCCTGG CTCAG-3=] forward and RC1492 [5=TACGGCTACCTTGTTACGACTT-3=] reverse). PCR conditions were as follows: 5 min of initial denaturation at 95°C, followed by 30 cycles of denaturation at 94°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 1 min. The resulting amplicons were sequenced in the forward and reverse directions (Eton Biosciences, San Diego, CA), assembled, and trimmed in Geneious v10.2.3 (76), yielding ca. 1,300 bp products. Strains were identified based on NCBI BLAST analysis (77) .
Metabolite analyses were performed on single actinomycete colonies removed from A1 agar plates and extracted with 5 ml of MeOH in 15 ml Falcon tubes. Extracts were dried by rotary evaporation, weighed, redissolved at a concentration of 5 mg/ml in MeOH, and subjected to HPLC analysis on the Agilent 1100 series instrument using previously described parameters.
Metagenomics. Mechanically sheared metagenomic DNA from site 2 (average size, ca. 500 bp) was used to prepare an Illumina sequencing library using the Apollo 324 next-generation sequencing (NGS) library prep system and the PrepX DNA library kit (Wafergen, CA). This library was then sequenced on an Illumina HiSeq 2500 rapid flow cell to yield 36,894,038 paired-end reads (2 ϫ 175 bp). PRINSEQ was used to filter and trim the resulting raw Illumina reads, discarding reads that had an average quality score less than 30 or a length of less than 87 bp (78) . SPAdes (default parameters) was used to assemble reads that passed quality filtering (79) . Metagenomic BGCs were detected in the resulting scaffolds (Ͼ5,000 bp) using antiSMASH 3.0 (80) and were further analyzed manually.
Phylogenetic analyses. Housekeeping genes found flanking BGCs of interest were subjected to a BLAST search against the NCBI database. FASTA sequences for the top 100 hits were downloaded, and each set was aligned with the corresponding query sequence using the MUSCLE 3.8.31 (81) alignment option in Mesquite 3.04 (82) . RaxmlGUI v1.5 was used with default parameters and no set outgroup to construct phylogenetic trees with 50 bootstrap replicates (83) .
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